Y. Zhu, D. Zhang, Z. Zhang, Z. Wang, *ChemistryOpen* **2018**, *7*, 463.

1. Introduction {#open201800078-sec-0001}
===============

As an atomic‐level process, polymer degradation is an extremely important subject in the field of environmental protection[1](#open201800078-bib-0001){ref-type="ref"} and has received a lot of attention. In the past, most studies have focused on the normal linkages of hydrocarbon polymers to study the idealized degradation reaction process. In fact, we have noticed that the polymer abnormal linkage or chain‐end saturation will obviously affect the stability of polymer chain,[2](#open201800078-bib-0002){ref-type="ref"} resulting in the uncertainty of degradation. That should be taken seriously. However, it is not clear at atomic level, for which we hope to understand the mechanism in this work.

According to the different external factors that polymer suffer from, there are three major classes of degradation, namely, photodegradation, thermal degradation, and biodegradation.[3](#open201800078-bib-0003){ref-type="ref"} Actually, the polymer chain depolymerization can be seen as the inverse process of polymerization.[4](#open201800078-bib-0004){ref-type="ref"} Hence, the study of degradation is also important to the understanding of polymer synthesis. For example, the monomers can be recycled by polymer degradation to synthesize new polymers.[5](#open201800078-bib-0005){ref-type="ref"} Normally, the chain end of the polymer will be saturated with a functional group to enhance the stability of the system in use processes. Concomitantly, it will have an evident impact on polymer degradation,[2b](#open201800078-bib-0002b){ref-type="ref"} which is something that remains unclearly. In addition, the degree of difficulty of polymer degradation could also be influenced by the different ways that the monomer unit is connected,[6](#open201800078-bib-0006){ref-type="ref"} including head‐to‐tail (H‐T), head‐to‐head (H‐H), and tail‐to‐tail (T‐T) linkages.[7](#open201800078-bib-0007){ref-type="ref"}

To date, experimental techniques have been greatly improved. For instance, the geometric properties of reactants and products can be obtained by various spectroscopy methods,[8](#open201800078-bib-0008){ref-type="ref"} and the formation of radicals during polymer degradation also can be detected.[9](#open201800078-bib-0009){ref-type="ref"} However, as the degradation process may have multiple reaction channels, in situ observation is hard to obtain experimentally. Consequently, it is necessary to understand the mechanism of polymer degradation from a theoretical perspective. In this work, we selected a typical hydrocarbon polymer, poly‐α‐methylstyrene (PAMS), for the calculation models and to study the effect of polymer structures on complete degradation through potential energy surfaces, bond characteristic, spin population, and other calculations.

Computational Methods {#open201800078-sec-0002}
=====================

We studied all possible structures of the PAMS dimer, including three typical normal linkages and four abnormal linkages, which had nine depolymerization reactions. As shown in Figure [1](#open201800078-fig-0001){ref-type="fig"}, the nine chain‐like PAMS dimers were marked R1--R9.

![Geometric structures of nine chain‐like PAMS dimers. Among them, R1 and R2 represent C‐end and CH~2~‐end dissociation paths that produce H~2~. R3 represents the reaction of the dissociation of the monomer AMS. The C‐unsaturated end and CH~2~‐unsaturated end dissociation paths that produce AMS are marked as R4 and R5, respectively. R6 and R7 represent the H‐H reaction and T‐T reactions, respectively. The H‐H reaction with one unpaired electron at the end and the T‐T reaction with one unpaired electron at the end are marked R8 and R9, respectively. The location of red arrows denotes the bonds breaking on the same degradation path. The green letters represent the corresponding bonds.](OPEN-7-463-g001){#open201800078-fig-0001}

In this study, the extreme points \[including reactants, transition states (TSs), and products\] were optimized by using the generalized gradient approximation (GGA) with empirical dispersion‐corrected density functional theory (DFT‐D3) at the B3LYP/ 6--31+G(d,p) level[10](#open201800078-bib-0010){ref-type="ref"} in Gaussian 09.[11](#open201800078-bib-0011){ref-type="ref"} Based on the optimized geometries, the frequency calculations were performed at the same level. The number of imaginary frequencies was used to confirm that the structure was a stable point (zero) or a TS (one). Meanwhile, zero‐point‐energy (ZPE) corrections were also considered. The intrinsic reaction coordinate (IRC)[12](#open201800078-bib-0012){ref-type="ref"} was calculated to ensure the reliability of reaction process (see Figure S1 in the Supporting Information).

2. Results and Discussion {#open201800078-sec-0003}
=========================

The potential energy curves of all reactions are presented in Figure [2](#open201800078-fig-0002){ref-type="fig"}. Initially, the three typical chain‐end saturated PAMS dimers were studied, and we found that the PAMS dimer chain dissociation product H~2~ has two reaction paths (R1 and R2). It can be see that the energy barriers of R1 and R2 are about 4.53 and 4.99 eV, respectively, indicating that the C‐end dissociation reaction is prone to occur. More importantly, in addition to the above dissociation reactions, the H transfer of the methyl on the main chain can realize the dissociation of the monomer AMS (R3). The energy barrier of R3 is 4.20 eV. From the potential energy curves of reactions R6 and R7, we can see that their energy barriers are about 3.42 and 4.78 eV, respectively. These results suggest that the H‐H reaction occurred preferentially. Then, we also studied the four typical chain‐end unsaturated PAMS dimers. The energy barrier of reactions R4 and R5 are about 0.79 and 0.86 eV, respectively, showing that the dissociation of the monomer AMS is more likely to occur at the C‐unsaturated end. Reactions R8 and R9 need to overcome the energy barrier of 0.35 and 1.31 eV, respectively. It declares that the H‐H reaction with one unpaired electron at the end may easily dissociate. Furthermore, it is also found that unsaturated PAMS dimer is more likely to degrade compared to the saturated one. In addition, the energy barriers of H‐H, H‐T, and T‐T linkage PAMS dimers, dissociating to produce the monomer, increase no matter if the chain‐end is saturated or not. It is worth mentioning that, when the ends are both unsaturated, the energy barrier of PAMS dimer for degradation reaction can be as low as 0.03 eV,[13](#open201800078-bib-0013){ref-type="ref"} which is far below that of the reactions discussed above. As it is easy to degrade, we did not study this structure with one dangling bond at each end in this work. It is important to note that R8 is an exothermic reaction, whereas the other eight reactions correspond to the endothermic reactions.

![Potential energy curves of nine typical dissociation reactions. The energy values were obtained based on the sum of the total energy and the zero‐point vibrational energy, and the energy value in brackets represents the total energy.](OPEN-7-463-g002){#open201800078-fig-0002}

The corresponding TSs of the nine reactions are shown in Figure S2. As for degradation reactions (R1, R2) that produce H~2~, the TSs are broken at the two C−H bonds at the end of the chain. In the degradation reactions that produce the monomer, the TSs are all broken at the C−C bond in the linkage site of the monomer. In particular, for the complete degradation of saturated dimers, the TSs are also broken at the C−H bond at the chain end in addition to the above C−C bond (for more details, see Figure [1](#open201800078-fig-0001){ref-type="fig"}).

To achieve a better understanding of the relevant bond characteristics, we summarized the bond orders and bond lengths of the reactants in seven reactions. The bond orders and bond lengths of broken C−C bond were carried out (see Table [1](#open201800078-tbl-0001){ref-type="table-wrap"}). For the R3, R6, and R7 reactants, the bond order of 6c (0.93) is weaker than that of 3c (0.97) and 7c (1.02). The bond length of 6c (1.62) is longer than that of 3c (1.57) and 7c (1.54). These results indicate that the 6c bond is easily broken and that the H‐H reaction may preferentially occur among the dissociation reactions of chain‐end saturated PAMS dimers. For the R4, R5, R8, and R9 reactants, the bond orders increase in the order of 8c (0.92), 4c (0.94), 5c (0.97), and 9c (1.04), and the corresponding bond lengths are decrease. This suggests that the bond of the H‐H linkage site (8c) is weakest and the bond of the T‐T linkage site (9c) is hardest to break. These bond properties strongly support the results that the monomer is relatively easy to dissociate at the H‐H abnormal linkage site. In addition, the T‐T reaction is most difficult and unlikely to occur. Moreover, the results of bond property analyses conform to the analyzed results of the energy barrier measurements.

###### 

The bond orders and bond lengths of broken C−C bonds in seven dissociation reactions that produce the monomer. Here, the "c" represents the broken C−C bond. 6c and 8c are both H‐H linkage sites. 7c and 9c are T‐T linkage sites. (The specific location can be seen Figure [1](#open201800078-fig-0001){ref-type="fig"}).

  c                   R3     R4     R5     R6     R7     R8     R9
  ------------------- ------ ------ ------ ------ ------ ------ ------
  Bond order          0.97   0.94   0.97   0.93   1.02   0.92   1.04
  Bond length \[Å\]   1.57   1.58   1.57   1.62   1.54   1.62   1.50
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Depolymerization will lead to the process of net spin migration.[6a](#open201800078-bib-0006a){ref-type="ref"} Thus, we further explored the degradation reaction mechanism from the perspective of the spin population. Among these reactions, the reactants, TSs, and products of reactions R1--R3, R6, and R7 are all closed‐shell electronic structures, and they do not have a net spin. However, the structures of the other four reactions are open‐shell electronic structures, which are spin‐polarized. Their net spin distributions are shown in Figure [3](#open201800078-fig-0003){ref-type="fig"}. It can be found that, in the reactants, the net spins are mainly distributed at the unsaturated end of the chain. In the TSs, the opposite net spin electrons are found in the area of the broken C−C bond, owing to stretching of the C−C bond. For the products, the net spins on dissociated monomer self‐coupled into a closed‐shell electronic structure. Meanwhile, the net spin electrons on the surplus main chain still maintain free‐radical characteristics.

![The spin population of four spin‐polarized reaction paths. The green and blue areas of the structures represent the net spin up and down, respectively. Isovalue=0.005.](OPEN-7-463-g003){#open201800078-fig-0003}

To acquire the electronic structures of reactants in reactions R3 (R1, R2), R6, and R7, we studied the frontier molecular orbitals (MOs) of them.[14](#open201800078-bib-0014){ref-type="ref"} The reactants of reactions R3, R6 and R7 are all chain‐end saturated PAMS dimers. Figure [4](#open201800078-fig-0004){ref-type="fig"} shows their frontier MOs. The HOMO (highest occupied molecular orbital) and the LUMO (lowest unoccupied molecular orbital) of the R6/R7 reactant are mainly localized at the H‐H/T‐T linkage sites of the chain and the nearby benzene group. The HOMO and LUMO of R3 (R1, R2) have similar characteristics. Meanwhile, we can see that the reactants HOMO--LUMO gap for R7 (6.25 eV), R3 (6.09 eV), and R6 (5.97 eV) are decreasing. It shows that the H‐H linkage site in reaction R6 has a high chemical reactivity, which also explains why the energy barriers of R6, R3, and R7 are increasing. In addition, the TSs frontier MOs of R1, R2, and R3 were also studied (see Figure S3). It can be seen that the HOMO and LUMO are mainly located at positions near the broken bonds. Furthermore, the TSs HOMO--LUMO gap of R2 (3.70 eV), R1 (3.50 eV), and R3 (2.87 eV) are decreasing, suggesting that the position of the broken bonds in reaction R3 has a high chemical reactivity. Therefore, the energy barrier of PAMS dimers dissociating to produce H~2~ and AMS monomer is decreasing.

![The selected frontier MOs of the stable reactants in reactions R3 (R1, R2), R6, and R7. The reactants of reactions R1, R2 and R3 are the same. Isovalue=0.035.](OPEN-7-463-g004){#open201800078-fig-0004}

3. Conclusions {#open201800078-sec-0004}
==============

In this work, the degradation mechanism of three typical normal linkage and four abnormal linkage PAMS were investigated. For chain‐end saturated structures, calculations of the energy barriers show that the H‐H dissociation reaction occurs relatively easily. In chain‐end unsaturated structures, the calculated results indicate that the H‐H reaction with one unpaired electron at the end may easily dissociate. Furthermore, from different dissociation reactions, we also found that the energy barrier for H‐H, H‐T, and T‐T linkage polymer dissociation to produce the monomer increases, no matter if the chain‐end is saturated or not. The chain‐end unsaturated structure is easier to degrade than the chain‐end saturated one. In addition, the degradation of PAMS also follows other channels, which can produce H~2~. The H‐H reaction with one unpaired electron at the end corresponds to an exothermic reaction. But, the other eight reactions are endothermic reactions. Analyses of bond characteristics and electronic structures are in agreement with the results of energy barrier measurements, and the spin population analysis presents an interesting net spin transfer process in depolymerization reactions of four spin‐polarized structures. We hope the present theoretical study could provide some reference for the complete degradation of polymers.
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